Introduction
Protein microcharacterization remains one of the central analytical challenges in molecular biology. Revolutionary advances in our ability to analyse proteins have followed the introduction of elec-
trospray MS (ESMS) [ 1-31 and matrix-assisted laser desorption ionization (MALDI) MS [4,5].
In the last few years we and others have developed methods to correlate MS information with the growing amount of sequence information produced by the genomic sequencing projects [6-lo]. The analytical elegance of this approach lies in the combination of the speed and sensitivity of MS with the ease of interpretation of simple database matching.
T h e original proposal for database identification was to measure a set of peptide masses produced by sequence-specific digestion of a protein. MALDI time-of-flight MS seemed ideally suited to this task as it did not require chromatographic separation of the peptide mixture and the instrumentation was comparatively simple. In practice, however, most researchers, especially when only moderate mass accuracy was achieved, have found this approach to be not specific enough for positive identification, and recourse to other analytical methods was needed. These additional analysis steps usually negated the key advantages of the MS protein identification, namely the speed and the sensitivity.
Recently, our group [ l l ] and the group of Yates [12] have suggested the use of MS fragmentation data (tandem MS data) for database identification. We have found that a short sequence of two to three amino acids when com--Abbreviations used: ES, electrospray; MALDI, matrixassisted laser desorption ionization.
bined with the mass information in a peptide sequence tag construct [ l l ] leads to unique identification of the peptide in large sequence databases. Since the whole tandem mass spectrum is subsequently verified and several peptides are obtained from the same protein, identification by this method has a very high degree of reliability. However, the use of tandem MS does not achieve the throughput of the MALDI technique for identification.
These developments have led us to design an integrated strategy for the identification of proteins separated on polyacrylamide gels. The hallmarks of the technique are the minimum of handling steps, especially the absence of a blotting and a chromatographic separation step, and the exclusive use of MS. The strategy has been used and refined in a first large-scale protein identification project (Figure 1) 
Sample preparation
Protein spots are excised from one-or twodimensional gels, reduced and alkylated in gel and digested with trypsin. Trypsin is the enzyme of choice because of its well-known desirable properties as an enzyme and because it normally leads to peptides without internal arginine, which in turn is highly desirable for the subsequent sequencing by MS. (Internal arginines complicate interpretation of tandem mass spectra.) We have shown that the handling steps (washing, reduction and alkylation and the enzymic diges-tion) can be automated [13] ; however, at the time of writing the robotic procedure is not yet sufficiently efficient to allow contamination-free work at the subpicomolar level of protein starting material.
The absence of a blotting step, which can be inefficient for very small or very large proteins or modified proteins, reduces the risk of protein loss. It also leads to very high efficiencies of peptide recovery as evidenced by the very high sensitivity of the overall procedure [14].
Identification by MALDI peptide mapping
After overnight digestion, a small percentage of the digest is injected directly into an acidified droplet placed on top of a 'fast-evaporation' matrix solution [ 15,161. These fast-evaporation surfaces are made by dissolving the matrix solution (a-cyanocinnamic acid) in acetone and rapidly evaporating it on the stainless-steel support of the MALDI target. An addition of nitrocellulose, an excellent peptide-binding substrate, to the matrix material is now always used (0. Vorm, P. Roepstorff and M. Mann, unpublished work). The target is then washed twice by the addition of about lop1 of distilled water. Peptide mixtures from several proteins can be loaded on to separate spots on the same MALDI target and analysed in the same run. The use of fast-evaporation surfaces and several technical improvements on our reflector instrument allows a mass accuracy of better than 0.1 Da per peptide to be achieved, an improvement of about a factor of 10 for every peptide mass. Optionally, a larger volume of the supernatant is concentrated and step-eluted on to the target by a microcolumn technique originally developed for nanoES (see below).
Database searching is performed by Peptidesearch [6, 17] on the same PowerMacintosh used to obtain the MALDI spectrum. Database searches are always carried out on the complete database, and no restrictions on PI, molecular mass or species of origin of the protein are placed. This is necessary because of the presence of contaminating proteins from other species, truncated or otherwise processed proteins and proteins with unexpected charge states. 
Strategy for protein identification and microcharacterization by MS methods
The protein band of interest is excised from a one-or two-dimensional gel and digested in gel with trypsin. An aliquot (0.5 PI) of the resulting peptide solution is directly analysed by MALDI MS to obtain a peptide mass map which is used for protein sequence database searching. If a protein is confidently identified ( -50% of the time), then the case is closed. If the protein is not identified or if detailed primary structure information is desired, the tryptic peptides are extracted from the gel and desalted/purified by centrifugal microcolumn chromatography using reverse-phase resin. The peptides are eluted in one step by a small volume (I PI) of solvent directly into the nanoES needle (drawn, metal-coated glass capillary). Tandem MS analysis of individual peptides from the peptide mixture allows long amino acid stretches to be obtained for sequence database searches, homology searches or for designing oligonucleotide primers for cloning. Acquisition of the spectrum, calibration, interpretation and transfer of data to and from the database-searching program have all been automated. Completely automatic searching has been implemented and successfully carried out. A run takes about 5-6 min per sample to complete (from loading the sample to printout of the database searching result). Complete automation currently still requires somewhat more material than a manual run but improvements in software will narrow this gap.
MALDI Peptide Map

Identification by nanoES tandem MS and peptide sequence tags
Proteins may not be identified by MALDI peptide maps for a variety of reasons including the presence of several proteins (especially from one-dimensional gels) or the extraction and measurement of only a few peptides. In these cases, and in all cases where the identification by MALDI is not considered positive, nanoES tandem MS of the unseparated peptide mixture is performed [18] . For this purpose we have developed a microcolumn technique to desalt and concentrate the sample, making the full amount of peptide available for MS analysis [14] . Peptide solution, usually 1 pl, allows a measurement time of more than 30 min which is sufficient to fragment several peptides.
In the fragmentation or tandem mass spectra a short stretch of sequence, together with its starting and end mass, the peptide sequence tag [ 113, is assigned. Sequence tags can be assigned manually, with software support, or completely automatically. A search of the peptide sequence tags currently takes less than 5 s in a large sequence database; hence it can be performed during the investigation and used to guide further measurement (M. Wilm and M. Mann, unpublished work) .
After retrieval of a sequence that matches the sequence tag, it is compared with the complete tandem mass spectrum. Since only a small part of the information present in the tandem mass spectrum has been used in the search, the comparison of the sequence with the full spectrum positively confirms the peptide. Several peptides need to be sequenced, however, to be sure that the peptide is not from a contaminating protein and to be sure that the correct peptide sequence does not occur by chance in an unrelated protein (especially if the peptide sequence is less than 10 amino acids long).
The process of identification by nanoES has been automated at the stage of interpretation of tandem mass spectra. Currently nanoES tandem MS identification of proteins takes about 1 h per protein. Further advances in the computer-aided acquisition of the spectra and in the preparation of the microcolumn needles will probably cut this time to less than 20 min.
Overall strategy
T h e current work flow for protein microcharacterization starts with a 1 day sample preparation and overnight digestion of the proteins. About 15 proteins are processed in parallel when sample preparation is manual and up to 36 samples can be processed with the robot. The analysis of small aliquots of supernatant of 15 proteins takes about 1-2 h by semiautomated MALDI time-of-flight MS. At this stage about 50-9096 of the known proteins which are present at more than 1 pmol on the gel will be identified ( Table 1 ). The remaining proteins will be subjected to repeated extraction procedures followed by evaporation of the solvent and reconstitution in 5% formic acid/5% methanol. This reconstituted peptide mixture is loaded on the microcolumns, washed and eluted and subjected to tandem MS. This complete procedure takes about 1-2 h; thus the remaining proteins can be identified on the same day. Altogether a sample throughput of 10 proteins per day for identification is routinely achievable using the above strategy. Note that all these identifications will be certain and will not require further processing.
For very small amounts, i.e. less than 0.3 pmol of protein initially present on the gel, the time for identification will increase.
Back end integration
The strategy which we propose here can easily be integrated with a sequencing experiment should the protein turn out to be unknown. Typically a new gel spot or at least a new aliquot of peptide mixture is used for this task, as is chemical derivatization of the peptide. The preceding sequencing experiment and assignment of sequence tags, however, already provides a good starting point for obtaining long and accurate sequences for homology searching or cloning. Similarly, parent-ion scans of unseparated mixtures [19] can in the same experiment determine the presence of phosphorylations or glycosylations on any of the peptides in the mixture. Since these are the most common and important modifications, our strategy in principle covers most of the questions likely to be asked about the primary structure of a protein.
Concluding remarks and prospects
A robust integrated strategy has been proposed for the MS identification of proteins. At present a single research group has a capacity of 10 proteins per day with this technique. Further automation will probably increase this number. Computer-aided interpretation of tandem mass spectra will extend the method to the study of homologous proteins, albeit at the cost of somewhat reduced throughput.
Taken together, the strategy described here and the MS techniques developed by other researchers have the potential to revolutionize protein microanalysis. 
